Scanning heterodyne laser interferometer for phase-sensitive absolute-amplitude measurements of surface vibrations
We describe a scanning heterodyne interferometer for imaging surface vibrations with a wide frequency range, with current electronics, up to 6 GHz. The heterodyne operation facilitates measurement of absolute amplitude and phase of the surface vibration without calibration. Currently, the setup allows detection of vibration amplitudes down to ϳ1 pm with a lateral resolution of Ͻ1 m. The interferometer is designed to accommodate the different sample types, e.g., surface and bulk acoustic wave devices and micromechanical resonators. The absolute-amplitude and phase information allows for a thorough characterization of surface vibrations in such components and provides direct information of the vibration fields not obtainable via electrical measurements. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2840183͔
Recent advances in wireless communication systems have led to extensive research and development of highfrequency, low-loss filters based on surface acoustic wave ͑SAW͒ and bulk acoustic wave ͑BAW͒ technologies. Furthermore, microelectromechanical system ͑MEMS͒ resonators are under intense research, e.g., due to the potential they offer as replacements for conventional reference oscillators, with improved performance and additional benefits of integration into silicon circuits. To develop better components that have their operation based on mechanical vibrations, it is important to be able to directly study the actual vibration fields. Consequently, optical setups based on various techniques [1] [2] [3] [4] [5] [6] [7] [8] have been developed in order to facilitate noncontact vibration measurements that do not disturb the device operation.
Ideally, an optical probe should provide both amplitude and phase information of the studied surface vibration. It should be able to scan both large and small areas with high measurement speed and with a high lateral resolution. Furthermore, the probe should be applicable to measuring modern high-frequency devices. In this letter, we describe the design and operation of a heterodyne interferometer that allows the mapping and analyzing of vibration fields having vibration amplitudes as small as 1 pm, with a lateral resolution better than 1 m. The heterodyne concept enables acquisition of both absolute amplitude of the surface vibration and its phase, irrespective of variations in the local optical surface reflectance.
The ability to map the amplitude and phase data of a given device opens up a wealth of possibilities for further data analysis. The absolute-amplitude measurements enable, e.g., exact quantitative analysis of SAW attenuation along the propagation direction. The phase information combined with the amplitude data allow powerful data analysis when twodimensional Fourier methods are applied. For instance, the contributions of standing and propagating waves within a device can be separated, the acoustic reflections analyzed, and dispersion curves extracted. Furthermore, in the case of, e.g., BAW devices, the ability to measure dispersion properties facilitates extraction of the material parameters of the deposited thin films. In addition, by stepping the phase, the dynamics of the vibration fields can be visualized in order to bring further insight into the device operation.
Consider the interference of two laser beams with intensities I 1 and I 2 originating from the same laser source. If one of the beams is shifted in frequency from the original optical frequency f to f + f m ͑f m Ӷ f͒, the interference signal averaged over the optical cycle is
where ͑t͒ is the optical phase difference between the beams. When one of the beams is reflected back from a sinusoidally vibrating sample surface, the phase difference can be written as
where A is the amplitude of the normal component of the surface vibration, is the wavelength of the laser light, and f vib and are the frequency and phase of the vibration, respectively. The term 0 is a slowly varying ͑compared to f vib ͒ phase term that represents any arbitrary optical phase variations between the two arms of the interferometer due to, e.g., variations in the ambient conditions. When the surfacevibration amplitude ͑A͒ is small compared to , the interference term of Eq. ͑1͒ may be expanded as
͑3͒
The error in calculated amplitudes due to this approximation is less than 1%, when A ഛ 10 nm and = 632.8 nm.
When observed in the frequency domain, the signal consists of the modulation peak ͑f m ͒ and two satellite peaks ͑f m Ϯ f vib ͒. When measuring actual samples, only the modulation peak and the upper ͑f m + f vib ͒ satellite peak ͑hereafter called the signal peak͒ are detected ͑see Fig. 1͒ . The modulation and signal peaks ͑two frequencies͒ are detected simultaneously, and the absolute amplitude of the surface vibration can be acquired from their amplitude ratio. Also, by comparing the phases of the two peaks, the phase of the surface vibration is acquired, and any slow variations in the optical path lengths cancel out. The ability to measure the absolute amplitude of the surface vibration provides immunity to, e.g., variations in the local optical surface reflectivity of the sample. Furthermore, the heterodyne detection diminishes radio frequency ͑rf͒ leakage problems as there is a frequency offset between the detected frequency ͑f m + f vib ͒ and the frequency at which the sample is driven ͑f vib ͒.
The optical layout of the heterodyne interferometer, depicted in Fig. 2 , is that of a modified Mach-Zehnder interferometer. A linearly polarized and collimated beam from a single-mode HeNe laser ͑Spectra-Physics model 117A͒ is split into two in an acousto-optical modulator ͑AOM͒ ͑In-traAction model AOM-405A1͒. The frequency-shifted beam ͑I in Fig. 2͒ acts as a reference beam while the zeroth-order beam ͑0͒ is the probe beam that propagates to the sample and back. The probe beam is focused with a microscope objective ͑Nikon 50ϫ / 0.55 ELWD͒ to an ϳ820 nm sized spot ͑full width at half maximum͒ on the sample surface. The / 4 plate rotates the polarization plane of the probe beam to facilitate correct beam steering at the polarizing beam splitter ͑PBS͒, where the two, now orthogonally polarized, beams are combined. The beams then propagate through a linear polarizer to a fast ͑0-12 GHz͒ photodetector ͑PD͒, featuring a flat frequency response ͑better than Ϯ1 dB up to 6 GHz͒ ͑New Focus model 1554-A͒.
The heterodyne laser interferometer features a sample holder with six degrees of freedom. This allows the sample to be correctly oriented with respect to the probe beam ͑tilt and rotation͒ and translation of the sample along three axes. The scanning of the sample is accomplished by computer-controlled linear motor stages ͑Newport M-MFN25cc͒ providing a 25 mm range of motion along each axis, with the smallest incremental step size of 55 nm. The interferometer setup is computer controlled and uses point-to-point scanning with a frequency sweep at each spatial point. Using frequency sweep enables fast scanning, since a single areal scan serves to measure multiple frequencies.
With the current setup and a detection bandwidth of 30 Hz, the smallest detectable surface vibration is ϳ1 pm, as measured with an actual sample. This corresponds to a measurement sensitivity of ϳ2 ϫ 10 −4 nm/ ͱ Hz. The theoretical detection limit for a heterodyne interferometer ͑perfect interference, shot noise limited detection͒ is given by 10, 11 A min = ͱ
where e is the elementary charge, B the detection bandwidth, P 0 the total optical power, ␣ the responsivity ͑A/W͒ of the photodetector, and the wavelength of the laser. Using the values of 0.5 mW for the optical power, 0.2 A / W for the responsivity, and 632.8 nm for the laser wavelength results in a theoretical detection limit of ϳ1 ϫ 10 −5 nm/ ͱ Hz, which with 30 Hz detection bandwidth corresponds to A min ϳ 0.05 pm. The difference between the obtained and theoretical sensitivity is mainly due to the limited optical power available at the photodetector, which results in reduction of the available dynamic range. The measurement speed of the system depends on the chosen detection bandwidth. Using the 30 Hz detection bandwidth results in scanning speed of ϳ94 000 points/ h, which can be increased by choosing a larger detection bandwidth.
As an example of measurement data, we present selected scanning results from a solidly mounted BAW resonator operating at 932 MHz. The sample geometry and structure along with electrical characteristics are presented in Fig. 3 . The sample is fabricated on a glass substrate, which allows for focusing the laser beam through the glass to the bottom of the acoustic mirror stack. The absolute-amplitude detection enables direct comparison of the vibration fields measured, under different optical conditions, from both sides of the sample. Therefore, using absolute-amplitude and phase information, the performance of the acoustical mirror stack can be studied in detail. 12 The measurement is demanding, since the highest vibration amplitudes on top of the resonator This letter reports a scanning heterodyne laser interferometer for studying high-frequency surface-vibration fields on, e.g., SAW, BAW, and MEMS components. The interferometer setup enables accurate characterization, in terms of both absolute amplitude and phase, of the surface vibration and, hence, is a versatile instrument for research on the physics of the vibrations and for applied research of electroacoustic devices. So far, the setup has been used to characterize SAW, BAW, and MEMS devices, with operating frequencies ranging from 3 MHz to over 2.5 GHz. For recent results on SAW phononic crystals, see Ref. 13 . The interferometer provides absolute amplitude, high sensitivity, phase, spatial scanning, high lateral resolution, and high speed. Furthermore, the inertness to rf leakage is essential when measuring modern high-frequency devices. 
